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Identification of a Human Endonuclease Complex
Reveals a Link between tRNA Splicing and
Pre-mRNA 3 End Formation
splice junctions, but the 3 splice site is invariably lo-
cated in a bulged loop (Baldi et al., 1992).
The removal of introns from pre-tRNA is an enzymatic
reaction that requires the activity of several different
proteins (reviewed in Abelson et al. [1998]). These en-
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zymes have been most intensively investigated in Ar-
chaea and yeast. The first step is carried out by an
evolutionarily conserved tRNA splicing endonuclease
Summary
that recognizes and cleaves precursor tRNA at the 5
and 3 splice sites (Trotta et al., 1997). In yeast, the 5
tRNA splicing is a fundamental process required for
and 3 exons are ligated by a tRNA ligase through a
cell growth and division. The first step in tRNA splicing series of enzymatic reactions that lead to joining of the
is the removal of introns catalyzed in yeast by the two exons with a 2 phosphate at the splice junction
tRNA splicing endonuclease. The enzyme responsible (Westaway et al., 1988; Phizicky et al., 1986). This un-
for intron removal in mammalian cells is unknown. usual tRNA intermediate is then processed by a 2 phos-
We present the identification and characterization of photransferase, yielding a mature tRNA (Culver et al.,
the human tRNA splicing endonuclease. This enzyme 1997).
consists of HsSen2, HsSen34, HsSen15, and HsSen54, Yeast tRNA splicing endonuclease is a heteromeric
homologs of the yeast tRNA endonuclease subunits. complex of four subunits encoded by the SEN2, SEN34,
Additionally, we identified an alternatively spliced SEN54, and SEN15 genes (Rauhut et al., 1990; Trotta et
isoform of SEN2 that is part of a complex with unique al., 1997). All four subunits are present at low levels and
RNA endonuclease activity. Surprisingly, both human are essential for cell viability (Trotta et al., 1997). The
endonuclease complexes are associated with pre- structure and function of the factors of the yeast tRNA
mRNA 3 end processing factors. Furthermore, siRNA- endonuclease complex have been suggested from a
mediated depletion of SEN2 exhibited defects in number of experimental results. First, strong sequence
maturation of both pre-tRNA and pre-mRNA. These conservation of the yeast Sen2p and Sen34p to the
findings demonstrate a link between pre-tRNA splicing homotetrameric archaeal enzyme suggested that these
and pre-mRNA 3 end formation, suggesting that the two subunits each contained a distinct active site for
endonuclease subunits function in multiple RNA- cleavage at the 5 and 3 sites. Consistent with this view,
processing events. a mutation in Sen2p resulted in a defect in cleavage of
the 5 splice site (Ho et al., 1990), whereas a mutation
in a conserved histidine residue in Sen34p resultedIntroduction
in a defect in cleavage of the 3 splice site (Trotta et
al., 1997). Second, two-hybrid analysis demonstratedMaturation of cellular RNAs is critical for regulation of
strong interaction between Sen2p and Sen54p and be-normal cell growth and division. Mature eukaryotic RNAs
tween Sen34p and Sen15p (Trotta et al., 1997). Struc-are generated from large precursors via a series of pro-
tural studies with the homotetrameric archaeal tRNAcessing steps. For example, nascent pre-mRNAs un-
endonuclease suggested that the strong interaction be-dergo splicing, capping, and generation of 3 ends
tween Sen2p-Sen54p and Sen34p-Sen15p is mediatedby endonucleolytic cleavage and polyadenylation. The
by a conserved carboxyl-terminal  sheet interactionmaturation of precursor transfer RNA (pre-tRNA) re-
(Lykke-Andersen and Garrett, 1997; Li et al., 1998). Fi-quires several steps that include 1) removal of both the
nally, sequence alignment of heterologous subunits5 leader by RNase P (Xiao et al., 2002; Frank and Pace,
Sen54p and Sen15p to the archaeal endonuclease re-1998) and the 3 trailer by ELAC2 (Takaku et al., 2003),
vealed a conserved structural element near the carboxyl2) addition of the CCA trinucleotide to the 3 end, and 3)
terminus required for dimerization of the two yeast het-numerous nucleotide modifications (reviewed in Hopper
erodimers Sen54p-Sen2p and Sen15p-Sen34p (Lykke-and Phizicky, 2003). In addition, several tRNAs contain
Andersen and Garrett, 1997; Li et al., 1998). Together,introns that must be removed to produce a mature
these results led to a model for the configuration of
tRNA molecule.
the yeast tRNA splicing endonuclease (Li et al., 1998;
Intron-containing pre-tRNAs are found in a variety of
Abelson et al., 1998).
organisms from all three domains of life. In lower eukary- Preliminary studies suggest a common mechanism
otes, approximately 25% of all tRNA genes contain in- for tRNA splicing throughout evolution. For example,
trons (Trotta et al., 1997), whereas, in humans, only 6% extracts derived from human cell lines were reported to
of tRNA genes contain introns (Lowe and Eddy, 1997). carry out accurate tRNA splicing under conditions in
All eukaryotic tRNA introns are 14–60 nucleotides in which the yeast tRNA splicing endonuclease is active
length and interrupt the anticodon loop one nucleotide (Laski et al., 1983; Standring et al., 1981). Furthermore,
3 to the anticodon (Ogden et al., 1984). Among all yeast partially purified tRNA splicing endonuclease from Xen-
pre-tRNAs, there is no sequence conservation at the opus laevis germinal vesicles was shown to recognize
and accurately cleave yeast pre-tRNA, forming two half
molecules and an intron (Gandini-Attardi et al., 1990;*Correspondence: ctrotta@ptcbio.com
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Baldi et al., 1986; Otsuka et al., 1981). Additionally, Xeno- there are two alternate forms of the SEN2 protein. To test
this hypothesis, we performed PCR analysis of cDNApus and yeast enzymes appear to fix the sites of cleav-
libraries obtained from different human tissues usingage by recognition of local structures at the intron-exon
oligonucleotides flanking exon 8 and monitored theboundaries (Baldi et al., 1992; Fabbri et al., 1998).
presence of either full-length SEN2 or SEN2 lackingAlthough there is evidence that the mechanism of
exon 8 (HsSen2Ex8). All tissues examined harboredtRNA splicing is well conserved between yeast, archaea,
both isoforms of SEN2 (data not shown). Using a humanand higher eukaryotes, the enzymes responsible for the
multiple tissue expression array, we profiled the ex-maturation of pre-tRNA in humans are unknown. Here,
pression of HsSen2 and HsSen2Ex8 RNAs in humanwe present the isolation and characterization of human
tissues and cancer cell lines. Northern blot analysistRNA splicing endonuclease. In addition, we have identi-
was performed with oligonucleotides specific for eitherfied a distinct endonuclease complex resulting from al-
SEN2 or SEN2Ex8. The results demonstrated that bothternative splicing of the SEN2 subunit. This complex
mRNAs are ubiquitously expressed at very low levels indiffers from tRNA endonuclease complex by protein
all tissue types (data not shown).composition and the ability to process pre-tRNA. Fur-
thermore, the endonuclease complex associates with
The Human Endonuclease Forms Twofactors required for cleavage/polyadenylation of mRNAs,
Functionally Distinct Isoformssuggesting a previously undiscovered biochemical link
To determine whether the human homologs of the yeastbetween pre-tRNA splicing and formation of the 3 end
endonuclease subunits function as part of a tRNA splic-of messenger RNAs.
ing complex, a method was developed for the purifica-
tion of the endonuclease complex from human cells (seeResults
Experimental Procedures). We generated stable 293 cell
lines expressing His-Flag-tagged human homologs ofHuman Homologs of the Yeast tRNA Splicing
the active site subunits HsSen2 or HsSen34 as well asEndonuclease Subunits
the alternatively spliced subunit HsSenEx8. ProteinsTo identify human homologs of the tRNA splicing endo-
from total cell extracts of the stable cell lines were puri-nuclease subunits, we performed a BLAST search of
fied by affinity chromatography using anti-FLAG M2 af-the human protein database using protein sequences
finity resin followed by Ni-NTA agarose resin. Boundof all four subunits of the S. cerevisiae tRNA splicing
proteins were eluted with imidazole and tested for abilityendonuclease. We found potential human homologs for
to cleave yeast pre-tRNAPhe. The results demonstratedthree subunits, SEN54, SEN2, and SEN34 (Figures 1A–
that protein complexes isolated from cells expressing1C) but were unable to identify a human homolog of
either His-Flag-HsSen2 or His-Flag-HsSen34 accuratelyyeast SEN15. Human Sen54 (HsSen54) has a predicted
cleaved pre-tRNAPhe to yield 5 exon, 3 exon, and intronmolecular mass of 58 kDa, and amino acid conservation
(Figure 2B, lanes 4 and 5). The efficiency of cleavagebetween the yeast and human Sen54p was restricted to
was similar to that of yeast tRNA splicing endonucleasethe amino- and carboxyl-terminal regions of the protein
(Figure 2B, compare lanes 4 and 5 with lane 2). Purifica-(Figure 1A). Human Sen2 (HsSen2) is predicted to be 51
tion of cleavage activity was dependent upon expres-kDa, larger than its yeast counterpart, and shows a high
sion of an epitope-tagged subunit, as proteins purifieddegree of similarity only in the active site domain (Figure
from untransfected 293 cells did not cleave pre-tRNA1B). Conversely, the yeast and human Sen34 (Figure 1C)
(Figure 2B, lane 1). Taken together, these results clearlyare highly homologous throughout the entire protein.
demonstrate that HsSen2 and HsSen34 are orthologs
Importantly, sequence alignments between yeast and
of the yeast tRNA splicing endonuclease subunits and
human Sen2 and Sen34, the two subunits harboring the
that the enzyme for cleavage of pre-tRNA is evolution-
endonuclease active sites (Trotta et al., 1997), demon- arily conserved.
strate the highest degree of similarity in the region corre- The endonuclease complex harboring the His-Flag-
sponding to the active sites of Sen2 and Sen34. These HsSen2Ex8 subunit was also purified from human cells
findings indicate a remarkable conservation between as described above. Surprisingly, the His-Flag-HsSen2-
the yeast and human tRNA splicing endonuclease active Ex8-containing complex retained the ability to cleave
site subunits. precursor tRNA, but the fidelity and accuracy of cleav-
age was severely compromised, resulting in cleavage
The Human Sen2 Transcript Is Alternatively at only the 3 splice site. Moreover, the HsSen2Ex8-
Spliced to Form at Least Two Distinct containing complex was unable to release the intron
Protein Products from the pre-tRNA (Figure 2B, lane 3). In addition, there
We next determined whether the putative human SEN2 was a minor cleavage event within the intron of tRNAPhe,
and SEN34 genes encode subunits of the tRNA splicing resulting in two products migrating at approximately 53
endonuclease complex. To accomplish this, we isolated and 42 nucleotide positions (Figure 2B, lane 3, asterisk).
the human SEN2 and SEN34 cDNAs. Surprisingly, se- This minor cleavage product is not detected with other
quencing of SEN2 clones produced by PCR amplifica- precursor tRNAs (data not shown). Thus, pre-tRNA is
tion from human cDNA libraries identified a variant that the endogenous substrate for the HsSen2-containing
lacked 57 nucleotides. This deletion corresponds pre- complex but not for the HsSen2Ex8-containing com-
cisely to exon 8 of the SEN2 genomic DNA sequence plex. This important observation suggests that the gene
(Figure 2A), suggesting that this was an alternatively for the human endonuclease subunit SEN2 can encode
spliced form of SEN2. two distinct active site-containing proteins, each with
different RNA cleavage specificities.The result described above raised the possibility that
Human tRNA Splicing Endonuclease
313
Figure 1. Sequence Conservation between Human and Yeast tRNA Endonuclease Subunits Sen2, Sen34, and Sen54
Comparison of Sen54 (A), Sen2 (B), and Sen34 (C) amino acid sequences from Saccharomyces cerevisiae (ScSen54, ScSen2, ScSen34),
Schizosaccharomyces pombe (SpSen54, SpSen2, SpSen34), and Homo sapiens (HsSen54, HsSen2, HsSen34). Residues that are identical in
at least two species are highlighted in black. Positions where the hydrophobic or aromatic character of the side chain is conserved are shown
in gray. Shown above each line of sequence is a consensus threading alignment predicted for all four subunits of the yeast enzyme (Bujnicki
and Rychlewski, 2000). Dotted lines represent no structural alignment predicted. Solid lines represent loop regions of defined length. Block
arrows represent  sheets, and cylindrical tubes represent  helices. Exon 8 of HsSen2 corresponds to amino acids 304–320.
Localization of the Human tRNA Splicing with tagged HsSen2 and HsSen34 but not with HsSen2-
Endonuclease Subunits Ex8 allowed us to determine integral endonuclease
The subcellular localization of the human tRNA splicing complex components required for tRNA splicing endo-
endonuclease subunits was determined by microscopy. nuclease activity.
Constructs encoding various epitope-tagged subunits This analysis identified an 18 kDa protein present in
of the human endonuclease were transiently transfected a similar stoichiometry to other components in HsSen2
into HeLa cells and analyzed by immunofluorescence. and HsSen34 complexes (Figures 4A and 4B, band 1).
The results demonstrated that both active site subunits, The level of this protein was drastically reduced in
HsSen2 and HsSen34, as well as HsSen2Ex8 were HsSen2Ex8-purified complexes (Figure 4B). Peptides
exclusively localized in the nucleus (Figure 3). Interest- derived from this band matched an 18 kDa protein en-
ingly, both HsSen2Ex8 and HsSen34 were frequently coded by a gene located on chromosome 1 (GenBank
found in nucleoli in dot-like structures (Figure 3, arrow- accession number NP 443197). Amino acid sequence
heads). alignment to yeast Sen15 revealed a previously unob-
served high degree of similarity to yeast Sen15p,
strongly suggesting that the protein is a human homologIdentification of the Components of the Human
of yeast Sen15p (Figure 4C).Endonuclease Complexes
To confirm that HsSen15 is a subunit of the humanThe results described above identified two endonucle-
tRNA splicing endonuclease, stable cell lines expressingase complexes with distinct RNA substrate specificities.
epitope-tagged HsSen15 were generated, and purifiedWe therefore hypothesized that these complexes may
complexes were tested for endonucleolytic activity asalso have distinct subunits with different functions. To
described above. As shown in Figure 4D, the resultstest this hypothesis, the composition of both endonucle-
demonstrated that the His-Flag-HsSen15 complex ac-ase isoforms was analyzed by SDS-PAGE and silver
staining. Identification of proteins that copurified only curately cleaved precursor-tRNAPhe, releasing the intron
Cell
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Figure 2. Purification of the Human tRNA Splicing Endonuclease
(A) Schematic representation of the alternative splicing of HsSen2.
(B) Cell extract fractions copurified with His-Flag-HsSen2, His-Flag-HsSen34, and His-Flag-Sen2Ex8 were examined for endonucleolytic
activity. Yeast endonuclease (His-Flag-ScSen2) was used as a positive control for endonuclease activity, and untransfected 293 cell extract
was used as a negative control. RNA products were extracted with phenol/chloroform, separated on a polyacrylamide gel containing 8 M
urea, dried, and exposed to film. Identities of all RNA species were confirmed by end labeling precursor tRNA substrates (to identify the 5
exon-intron and 1/2 molecule products) or RNA fingerprinting analysis (to identify the intron; Peebles et al., 1983).
and the 5 and 3 exons. The efficiency of cleavage was yeast Sen54 protein (Figure 1A). The deletion of exon 8
did not affect the association of HsSen2Ex8 with thesimilar to that of endonuclease purified from His-Flag-
HsSen2 and His-Flag-HsSen34 cell lines (Figure 2B), HsSen54 subunit (Figure 4B). A protein complex purified
via tagged HsSen54 (Figure 4E) contains HsSen2,demonstrating that HsSen15 is a component of human
tRNA splicing endonuclease. Taken together, these re- HsSen34, and HsSen15 endonuclease subunits in stoi-
chiometric amounts. The His-Flag-HsSen54 complexsults indicate that the human tRNA splicing endonucle-
ase complex containing HsSen2 has a simple protein accurately cleaves pre-tRNA, releasing intron and two
exons (data not shown). These results demonstrate thatcomposition comprised of homologs to yeast tRNA
splicing endonuclease. HsSen54 is an intrinsic subunit of the human tRNA splic-
ing endonuclease.We also asked which proteins were common between
the distinct endonuclease complexes containing either In addition to the bands described above, it is evident
from silver-stained gel in Figure 4E that there is an ex-HsSen2 or HsSen2Ex8. Analysis of the protein compo-
sition of the three complexes HsSen2, HsSen34, and cess of the protein found in band 2. This band, present
in endonuclease complexes purified from all four taggedHsSen2Ex8 revealed two proteins in common (Figures
4A and 4B). As determined by mass spectrometry, one subunits (Figures 4A, 4B, and 4E), was identified by
mass spectrometry. The results identified this as theof these proteins comigrates with tagged HsSen2 and
HsSen2Ex8 and represents the human homolog of the human Clp1 protein (HsClp1). This result was surprising,
Figure 3. Localization of the Human tRNA Splicing Endonuclease Subunits
HeLa cells were transiently transfected with a vector encoding GFP-HsSen34 (left panel), Myc-HsSen2 (middle panel), or Myc-HsSen2Ex8
(right panel) and analyzed by indirect immunofluorescence microscopy using antibody against myc-epitope.
Human tRNA Splicing Endonuclease
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Figure 4. Identification of Components of the Human tRNA Splicing Endonuclease Complex
Proteins copurified with His-Flag-HsSen2 and His-Flag-HsSen34 (A) or with His-Flag-Sen2Ex8 and His-Flag-Sen2 (B) were analyzed by SDS-
PAGE followed by silver staining. Major bands in (A), lane 3, and (B), lane 1, correspond to His-Flag-Sen2 and His-Flag-Sen2Ex8, respectively.
These bands overlap with endogenous HsSen54. Several bands, marked with asterisks, were detected in the control untransfected 293
purification and thus represent nonspecific contaminants of the purification protocol (Hu et al., 2003). Bands 1 and 2 were identified by protein
sequence as HsSen15 and HsClp1, respectively. (C) Comparison of Sen15 amino acid sequences in S. cerevisiae (ScSen15), S. pombe
(SpSen15), and H. sapiens (HsSen15). (D) Cell extract fraction copurified with His-Flag-HsSen15 was examined for endonuclease activity with
labeled pre-tRNAphe. Cleavage products were analyzed by denaturing polyacrylamide gel. 293 cell extract was used as a negative control. (E)
Proteins copurified with His-Flag-HsSen54 were analyzed by SDS-PAGE followed by silver staining as described above. We note some
additional bands present in HsSen54 purification that are currently under investigation.
since HsClp1 was originally isolated as a component of HsClp1 for tRNA endonucleolytic activity. As shown in
Figure 5B, the purified complex accurately cleaved pre-the cleavage factor IIm (CF IIm), known to be involved in
cursor-tRNAPhe, releasing the intron and the 5 and 3the cleavage of pre-mRNA in the cleavage/polyadenyla-
exons. The efficiency of cleavage was similar to that oftion reaction (de Vries et al., 2000).
complexes purified with His-Flag-HsSen2 and His-Flag-
HsSen34 (Figure 2B). Therefore, in addition to its role in
Endonuclease Complexes Are Associated with pre-mRNA 3 end formation, HsClp1 is associated with
Pre-mRNA 3 End Processing Machinery the human tRNA splicing endonuclease.
Identification of a pre-mRNA cleavage/polyadenylation The results described above suggest that we have
protein associated with the tRNA splicing endonuclease identified an endonuclease that forms distinct com-
suggested that the endonuclease complex may be in- plexes with diverse RNA endonuclease activities. In par-
volved in multiple RNA-processing events. Therefore, it ticular, the finding that human Clp1 protein is part of
was critical to determine whether HsClp 1 is a bona fide distinct endonuclease complexes suggested that one
component of the human tRNA splicing endonuclease. or more of these complexes may be involved in mRNA
To test this hypothesis, proteins purified with His-Flag- 3 end formation. To test this hypothesis, we asked if the
HsClp1 were isolated and analyzed by SDS-PAGE and purified endonuclease complexes contained additional
silver staining. Remarkably, we saw a protein pattern components of pre-mRNA 3 end processing machinery.
that was almost identical to that of complexes purified To address this, complexes purified using the different
by the tagged versions of HsSen2, HsSen34, and epitope-tagged subunits of the endonuclease com-
HsSen15 (Figure 5A). This result clearly demonstrates plexes were analyzed by Western blotting using anti-
that HsClp1 is an integral component of the human tRNA bodies specific for Symplekin and CstF64, components
splicing endonuclease complex. of the human pre-mRNA 3 end processing complex.
Y12 antibody (known to recognize pre-mRNA splicingWe next assayed the complex purified with tagged-
Cell
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Figure 5. HsClp1 and HsSen15 Are Genuine Components of the Human tRNA Splicing Endonuclease Complex
(A) Proteins that are copurified with His-Flag-HsSen15 and His-Flag-HsClp1 were analyzed by SDS-PAGE followed by silver staining. Proteins
copurifying with His-Flag-HsSen2 (on the left) are shown for a comparison with His-Flag-HsSen15 and His-Flag-HsClp1.
(B) Cell extract fractions copurified with His-Flag-HsClp1 were examined for endonuclease activity with labeled pre-tRNAPhe. Cleavage products
were analyzed by denaturing polyacrylamide gel. 293 cell extract was used as a negative control.
snRNP SmB/Bproteins) was used as a negative control. and pre-mRNA 3 end processing. To test this hypothe-
sis, we depleted the intracellular level of HsSen2 andRemarkably, the results (Figure 6) demonstrate that all
examined components of the pre-mRNA 3 end pro- HsSen2Ex8 by siRNA targeting. We found that de-
pletion of the SEN2 gene products by approximatelycessing complex were associated with pre-tRNA endo-
nuclease complexes. Similar amounts of 3 end com- 50% (Figure 7A) caused an increase in the level of pre-
tRNALeu and pre-tRNAIle in comparison to a control siRNAplexes were purified from all His-Flag-tagged tRNA
endonuclease subunits. Since the purification condi- (Figure 7B). This result is consistent with a role for
HsSen2 in the processing of pre-tRNA. Furthermore,tions were very stringent and utilized two affinity chro-
matography steps (see Experimental Procedures), the using two independent methods, quantitative RT-PCR
and ribonuclease protection (RPA), we observed a dra-interaction between tRNA splicing endonuclease and
pre-mRNA 3 end processing factors is quite robust. matic increase in the level of GAPDH RNA containing
extended sequence 3 of the cleavage and polyadenyla-We also performed immunoprecipitation under standard
salt conditions to more accurately determine the amount tion signal (Figures 7B and 7C). In addition, we observed
a similar increase in the level of EF1A RNA containingof 3end factors associated with the tRNA endonuclease
(data not shown). We estimate that as much as 1% of 3-extended sequence (Figure 7C, top panel). These re-
sults were observed with several siRNAs that targetedthe 3 end processing factors are associated with the
tRNA endonuclease. Since endonuclease is a very low different regions of HsSen2/HsSen2Ex8 and thus are
attributable to knockdown of the SEN2 gene productsabundance protein, this suggests that a large portion
of the tRNA splicing endonuclease is associated with and not an off-target siRNA effect (Figure 7; data not
shown). Taken together, this is strong evidence that thepre-mRNA 3 end formation complexes within human
cells. Furthermore, His-Flag-HsSen2Ex8 and His-Flag- active site subunit HsSen2 or its spliced-variant HsSen2-
Ex8 is involved in processing of pre-tRNA and pre-HsClp1 were able to associate with a larger proportion
of the 3 end formation complexes (Figure 6, compare mRNA, linking two fundamental processes of RNA matu-
ration.lanes 8 and 11 to lanes 7, 9 and 10).
Depletion of SEN2 Causes Defects in tRNA Discussion
Splicing and Pre-mRNA 3 End Formation
The results described above demonstrate a biochemical All living organisms contain a population of precursor
tRNAs that are interrupted by introns. Therefore, intronlink between tRNA splicing and pre-mRNA cleavage and
polyadenylation. We hypothesized that if one of the en- removal from pre-tRNAs (i.e., endonuclease cleavage)
is a fundamental biological process. Although intron re-donuclease complexes were involved in mRNA 3 pro-
cessing, then reduction in the amount of the endonucle- moval from pre-tRNA has been studied in detail in the
yeast Saccharomyces cerevisiae, the machinery for hu-ase would result in defects in both pre-tRNA splicing
Human tRNA Splicing Endonuclease
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dimers, Sen54p-Sen2p and Sen34p-Sen15p, each con-
taining a distinct active site. Tetramerization is thought
to occur by interaction of the acidic residues within loop
L10 of the Sen54p and Sen15p subunits, with a polar
groove formed between the amino- and carboxyl-termi-
nal domains of the active site endonuclease subunits
(Li et al., 1998). Figures 1A and 4C show that the most
conserved regions of HsSen54 and HsSen15 are located
in the carboxyl-terminal region of the proteins and corre-
spond exactly to yeast loop L10 and 9 sequences.
Therefore, we propose that the human tRNA splicing
endonuclease is configured in a manner very similar to
that of the yeast tRNA splicing endonuclease.
Identification of an Alternatively Spliced Isoform
of HsSen2
Our investigation of the human endonuclease complex
resulted in the discovery of an alternatively spliced iso-
form of the SEN2 active site subunit lacking exon 8.
The amino acid sequence of exon 8 corresponds to a
conserved 2 helix found in archaeal and yeast endonu-
cleases (Figure 1B) and is a key structural element inFigure 6. The Human Endonuclease Is Associated with Factors Es-
the formation of the tetrameric enzyme. The 2 helixsential for Pre-mRNA 3 End Processing
serves to orient the amino- and carboxyl-terminal do-Proteins copurified with His-Flag-HsSen2, His-Flag-HsSen2Ex8,
mains of the active site subunit to allow formation ofHis-Flag-HsSen34, His-Flag-HsSen15, and His-Flag-HsClp1 were
analyzed by SDS-PAGE followed by Western blotting with anti- the polar groove into which the conserved loop L10 from
bodies against Symplekin, CstF64. Y12 antibody that recognizes a heterologous subunit can interact (Figure 1B) (Li et al.,
SmB/B proteins was used a negative control. We note that our 1998; Bujnicki and Rychlewski, 2000; Lykke-Andersen
antibody to CstF64 recognizes two isoforms of this protein present
and Garrett, 1997). Thus, we hypothesized that omissionin 293 cell line (Wallace et al., 1999).
of this 2 helix in HsSen2Ex8 would alter the structure
of this active site subunit, resulting in an inability to
stably interact with loop L10 of the HsSen15/HsSen34man pre-tRNA intron removal was previously unknown.
heterodimer. Consistent with this hypothesis, analysis ofThe results presented here define the components of
the composition of the HsSen2Ex8 complex revealedthe human tRNA endonuclease complex and raise the
a significant reduction in the level of HsSen15 andexciting possibility that the catalytic subunits of the
HsSen34 protein compared to the purified HsSen2 com-tRNA endonuclease can function in distinct RNA-pro-
plex (Figure 4B). This observation provides additionalcessing events.
support for the structural model of the human and yeast
tRNA splicing endonucleases.Identification of the Human tRNA Splicing
Furthermore, these results raise the intriguing possi-Endonuclease Subunits
bility that alteration of subunit interactions through alter-We have determined the protein composition, localiza-
native splicing is a strategy used by higher eukaryotestion, and function of the human tRNA splicing endonu-
to generate multiple endonuclease complexes capableclease. The enzyme was initially isolated using epitope-
of different RNA-processing events. This hypothesis istagged human homologs of the two active site subunits
supported by the result that HsSen2Ex8-containingof yeast tRNA endonuclease. We demonstrate that these
endonuclease complex does not properly cleave pre-purified complexes accurately processed precursor
tRNAs, although it does retain endonucleolytic activitytRNA, cleaving at the 5 and 3 splice sites to release
(Figure 2B, lane 3). Thus, it is likely that the HsSen2Ex8the intron. This result strongly suggests that HsSen2
complex is not a tRNA splicing endonuclease but isand HsSen34 are the orthologs of the active site subunits
responsible for processing as yet unknown RNA sub-of tRNA splicing endonuclease. We also identified the
strates.protein composition of the tRNA splicing endonuclease.
We found that the complex is comprised of orthologs
of the yeast enzyme subunits Sen2p, Sen34p, Sen15p, Localization of the tRNA Splicing Endonuclease
In this study, we show that the active site subunitsand Sen54p. An unanticipated result was the finding
that HsClp1, a protein involved in pre-mRNA 3 end HsSen2 and HsSen34 localize exclusively to the nucleus,
consistent with previous results suggesting that tRNAprocessing, is also an integral member of the human
tRNA endonuclease complex. maturation occurs in the nucleus in higher eukaryotes.
For example, RNase P was shown to localize to the
nucleoplasm with transient association in the nucleolusModel for the Human tRNA Splicing Endonuclease
A model of the architecture of yeast tRNA endonuclease in HeLa cells (Jacobson et al., 1997). Additionally, human
tRNA splicing endonuclease activity behaves as a solu-was based on the structure of archaeal endonuclease
from M. jannaschii (Li et al., 1998). The yeast enzyme ble nuclear protein in HeLa cells (Laski et al., 1983;
Standring et al., 1981). Finally, in Xenopus laevis, intron-was proposed to be a heterotetramer composed of two
Cell
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Figure 7. The Human Endonuclease Is Involved in Pre-mRNA 3 End Processing
(A) Several 293 cell lines, stably expressing siRNA-A, specific for SEN2 exon 8, or siRNA-B, specific for SEN2 exon 9, were transfected with
either His-Flag-HsSen2 (lanes 1–3) or His-Flag-HsSen2Ex8. Total cell extracts were prepared from these cells and analyzed by Western blot
analysis with anti-FLAG (top) or anti-actin (bottom) antibodies.
(B) Quantative RT-PCR analysis of 293 cells stably expressing siRNA-A or siRNA-B, shown in (A). White bar corresponds to control siRNA,
black bar corresponds to siRNA-A1, and gray bar corresponds to siRNA-B1.
(C) (Top) Ribonuclease protection assay of EF1A and GAPDH 3-extended mRNA. Ten micrograms of yeast total RNA (lane 6), mRNA from
293 cells (lane 5), or 293 stably expressing siRNA-B1 (lane 2), siRNA-A1 (lane 3), or siRNA-A2 (lane 4) were hybridized to a riboprobe
corresponding to the antisense downstream of either the EF1A or GAPDH 3 end cleavage and polyadenylation site and digested with
ribonuclease. Lane 1 represents a 1:250 or 1:100 dilution of the input probe for EF1A or GAPDH, respectively. (Bottom) Measurement of the
abundance of 3 end extended EF1A (gray bars) and GAPDH (black bars) pre-mRNA quantitated by phosphorimager. Data are plotted as fold
difference relative to 293 total RNA protected product (lane 5).
containing tRNAs are matured and modified in the nu- Recently, two pieces of evidence have emerged sug-
gesting that tRNA splicing in yeast occurs in the cyto-cleus, and the endonuclease is a soluble protein found
in the germinal vesicle of the oocyte (De Robertis and plasm. Yoshihisa and colleagues demonstrated that
a fraction of tRNA endonuclease is found associatedOlson, 1979; Otsuka et al., 1981; Mattoccia et al., 1979).
In addition to our localization of the endonuclease sub- with the mitochondrial surface and that temperature-
sensitive mutations of the tRNA splicing endonucleaseunits, we demonstrate that a large portion of the tRNA
splicing endonuclease is found associated with the nu- accumulated intron-containing tRNA in the cytosol (Yo-
shihisa et al., 2003). Furthermore, analysis of a genome-clear-localized proteins of the mRNA 3 end formation
machinery. Taken together, these data strongly support wide GFP-fusion localization study indicated that GFP-
tagged subunits of the endonuclease, ySen2, ySen54,a model whereby tRNA splicing occurs in the nucleus
of higher eukaryotes. This is consistent with the model and ySen15, localize exclusively to the mitochondria
(Huh et al., 2003). In addition, a GFP-tagged fusion tofor yeast tRNA splicing supported by localization of the
endonuclease to the nuclear membrane fraction (Pee- tRNA splicing ligase localizes throughout the cytoplasm.
Taken together, these observations are consistent withbles et al., 1983; Rauhut et al., 1990) and immunolocali-
zation of the yeast tRNA splicing ligase, which joins the a model whereby tRNA splicing occurs within the cyto-
plasm in yeast. This model contrasts with the nuclear5 and 3 exons of tRNA after endonucleolytic cleavage,
to the inner membrane of the nuclear envelope (Clark localization of the human enzyme that we have pre-
sented in this paper. Thus, it appears as though tRNAand Abelson, 1987).
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splicing localization may be regulated differently in yeast involved in pre-mRNA 3 end processing. Thus, it is
possible that the machinery (i.e., endonuclease) forand humans. Consistent with our findings in HeLa cells,
these disparate RNA processes, pre-tRNA splicing, pre-we also found that GFP-tagged HsSen2 and HsSen34
tRNA 3 end maturation, and pre-mRNA 3 end forma-localized to the nucleus in primary neurons (data not
tion, all arose from a common ancestor. This paradigmshown).
is supported by the notion that the tRNA splicing endo-We have also observed that active site subunits can
nuclease is an ancient RNA-processing enzyme (Belfortalso localize in dot-like structures within the nucleolus
and Weiner, 1997; Trotta and Abelson, 1998).(Figure 3, arrowheads). This suggests the possibility that
Our results demonstrate a biochemical link betweenthe tRNA splicing endonuclease may be transiently lo-
pre-tRNA processing and pre-mRNA 3 end processing.calized in the nucleolus. In preliminary experiments,
We have shown that HsClp1 is a subunit of two distincttreatment of HeLa cells with Actinomycin D altered the
human endonuclease complexes: an HsSen2 tRNAlocalization of GFP-tagged HsSen2 or HsSen34 within
splicing endonuclease complex and an endonucleasethe nucleus, leading to diffuse localization in both the
complex formed by the alternatively spliced form ofnucleoplasm and the nucleolus (data not shown). This
SEN2, HsSen2Ex8. Remarkably, the tRNA endonucle-observation suggests that tRNA splicing endonuclease
ase that copurified with tagged-HsClp1 cleaves precur-can cycle between the nucleoplasm and the nucleolus.
sor tRNA specifically at the 5 and 3 splice sites toThis observation may have important implications for
release the intron, suggesting that the HsClp1 proteinthe regulation of the tRNA splicing in higher eukaryotes.
is strongly associated with the machinery for cleavage
of precursor tRNAs in human cells.The Endonuclease Provides a Biochemical Link
In addition, we found that the human endonucleasebetween tRNA Splicing and Pre-mRNA 3
complexes associate with a subset of 3 end processingEnd Formation
factors that include CPSF160, CPSF30, CstF64, and sym-The demonstration of a role for HsClp1 in the splicing
plekin but not PAP and Sm proteins (Figure 6 and dataof tRNA precursors is surprising and suggests a link
not shown). This specific set of protein componentsbetween the processes of tRNA splicing and mRNA 3
suggests that endonuclease complexes may be in-end formation. Keller and coworkers originally identified
volved in the cleavage of pre-mRNA, as opposed tothe HsClp1 protein as a component of CF IIm known to
splicing or polyadenylation. Interestingly, the HsSen2-be involved in 3 end processing of pre-mRNA (de Vries
Ex8 complex more strongly associated with Symplekinet al., 2000). Generation of the 3 end of pre-mRNA is
and CstF64 than the HsSen2 complex. The significancethought to be a two-step reaction, whereby pre-mRNA
of the tighter association between alternatively splicedis endonucleolytically cleaved and subsequently poly-
SEN2 and pre-mRNA 3 end processing is unknown, butadenylated to yield a mature mRNA. The pre-mRNA 3
the altered substrate specificity in cleavage reactionsend processing complex consists of cleavage and poly-
and the presence of pre-mRNA 3 end processing fac-adenylation specificity factor (CPSF); cleavage stimula-
tors in purified fractions suggest that HsSen2Ex8 maytion factor (CstF); two cleavage factors, CF Im and CF be primarily involved in processing of pre-mRNA. Con-
IIm; and poly(A) polymerase (PAP) (reviewed in Wahle sistent with this hypothesis, siRNA depletion of the prod-
and Ruegsegger, 1999; Calvo and Manley, 2003; Zhao
ucts of the SEN2 gene resulted in defects in 3 end
et al., 1999a). HsClp1 has been shown to be a subunit
processing of endogenous mRNA transcripts, causing
of CF IIm and is thought to act as a bridge, as it interacts the accumulation of end-extended products, as de-
with CF Im and CPSF (de Vries et al., 2000). In yeast, tected by both quantitative RT-PCR and ribonuclease
Clp1 has also been shown to be involved in 3 end protection assays for several different mRNA transcripts
processing (Minvielle-Sebastia and Keller, 1999). (Figures 7A–7C). As shown in Figure 7, we attempted to
Several pieces of evidence have been previously re- distinguish the roles of wild-type Sen2 versus HsSen2-
ported that are consistent with a link between tRNA Ex8 in processing pre-tRNA and pre-mRNA 3 ends
processing and pre-mRNA 3 end formation. O’Connor by specifically targeting wild-type HsSen2 with siRNA-A,
and Peebles demonstrated that yeast containing a con- but, for unknown reasons, this siRNA caused the deple-
ditional pta1 allele were defective in the processing of tion of both versions of SEN2.
precursor tRNAs (O’Connor and Peebles, 1992). Subse- Taken together, the SEN2 siRNA targeting results and
quently, Pta1p was identified as a component of the the evidence of a physical association between the two
yeast pre-mRNA 3 end processing machinery (Preker machineries described above support a model whereby
et al., 1997; Zhao et al., 1999b). The human homolog tRNA splicing and pre-mRNA 3 end formation are cata-
of PTA1, Symplekin, was found to be associated with lyzed by the same components of an endonuclease
cleavage stimulation factor (CstF) (Takagaki and Manley, complex in mammalian cells. We hypothesize that this
2000; Zhao et al., 1999b). Additionally, pre-tRNA 3 end endonuclease complex functions in the formation of
processing and pre-mRNA 3 end formation have been mRNA, tRNA, and, potentially, other RNA substrates.
genetically linked in humans. Takaku et al. have shown The concept of coupling pre-tRNA splicing to the forma-
that ELAC2 is the enzyme responsible for 3 end pro- tion of the 3 end of mRNAs is interesting, because it
cessing of precursor tRNA transcripts (Takaku et al., could allow cells to modulate the level of mature mRNA
2003; Zhao et al., 1999b). Prior work showed that ELAC2 by sensing the amount of pre-tRNA that is produced in
has a high degree of similarity with CPSF73, a protein response to various growth conditions. To our knowl-
belonging to the pre-mRNA cleavage and polyadenyla- edge, this is the first example of regulating translation
tion specificity factor (Simard et al., 2002; Tavtigian et al., efficiency by a complex that controls multiple RNA-pro-
cessing activities in the cell.2001), suggesting that CPSF73 may be an endonuclease
Cell
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Experimental Procedures Protein Sequencing
Bands of interest were excised from 10%–14.5% SDS-PAGE gradi-
Generation of Stable Cell Lines Expressing His-Flag-Tagged ent gel and submitted to the protein sequencing facility at the City
tRNA Splicing Endonuclease Complex Subunits of Hope (Duarte, CA) for in-gel trypsin digestion, followed by peptide
Human tRNA splicing endonuclease complex subunits include sequencing according to facility protocols.
the proteins HsSen2 (GenBank accession number NP_079541),
HsSen34 (GenBank accession number NP_076980), HsSen54 (Gen- Depletion of HsSen2 with Small Interfering RNAs,
Bank accession number XP_208944), HsSen15 (GenBank accession Quantitative RT-PCR Analysis, and Ribonuclease
number NM_052965), and HsClp1 (GenBank accession number Protection Assays
NM_006831). The open reading frames of HsSen2, HsSen2Ex8, Two 19 base oligonucleotides (sense and antisense) corresponding
HsSen34, HsSen54, HsSen15, and HsClp1 were generated by PCR to either exon 8 (siRNA-A) or exon 9 (siRNA-B) of the open reading
amplification using specific primers and cloned into His-Flag- frame of SEN2 were designed using siRNA Design Guidelines (Am-
pcDNA3.1/Hygro vector. 293 cells were transfected with His-Flag- bion). The oligonucleotides were annealed and cloned into the pSi-
pcDNA3.1/Hygro plasmid containing the various tRNA splicing en- lencer 2.0-U6 vector (Ambion). 293 cells were transfected using
donuclease complex subunit cDNAs in frame with the histidine and
Fugene 6 (Roche) with this vector encoding either the SEN2-specific
flag epitopes, and stable clones were selected by hygromycin
sequence (siRNA-A or siRNA-B) or an irregular control sequenceresistance.
(Ambion). Five separate transfections were carried out for each
siRNA species. Pools of stably expressing cell lines (designatedPurification of the Human Endonuclease Complex from Total
A1-5 or B1-5) were selected using 200g/ml hygromycin for 30 daysCell Extract Containing His-Flag-Tagged
followed by passage into 6-well dishes for either (1) transfection ofComplex Subunits
His-Flag-HsSen2 or His-Flag-HsSen2Ex8 followed in 3 days byTotal cell extracts were prepared by resuspending cell pellets in
addition of 2X SDS load dye, fractionation by SDS-PAGE, and West-buffer B (250 mM NaCl; 30 mM Tris-HCl [pH 7.0]; 1 mM EDTA; 5%
ern blot detection using anti-Flag Ab (Sigma; 1:500) or anti-actin Abglycerol; 0.1% Triton X-100; protease inhibitors [Roche, Complete
(Oncogene; 1:2000); or (2) extraction of total RNA using Trizol (Sigma)Protease Inhibitor Cocktail Tablets]). Cells were sonicated three
according to the manufacturers’ protocol. Total RNA was used fortimes for 10 s followed by centrifugation at 15,000  g for 15 min.
quantitative RT-PCR analysis. RNA (5–10g) was treated with DnaseSupernatants were passed through a 0.2 m filter and added to
I followed by reverse transcription performed using a RETROscriptanti-Flag beads (Sigma) prewashed with buffer B. Extracts were
kit (Ambion). Quantative PCR was carried out using a DNA Engineincubated with anti-Flag beads for 2 hr at 4C. Supernatants were
Opticon 2 (MJ Research) with the following oligonucleotides: precur-discarded, and beads were washed three times for 10 min at 4C
sor tRNALeu (5-GTCAGGATGGCCGAGTGGTC-3; 5-CCGAACAwith ten bed volumes of buffer W (400 mM NaCl; 30 mM Tris-HCl
[pH 7.0]; 1 mM EDTA; 5% glycerol; 0.04% Triton X-100). Following CAGGAAGCAGTAA-3); tRNAIle (5-CGGTACTTATAAGACAGTGC-
two washes with ten bed volumes of buffer N (200 mM NaCl; 40 3, 5-GCTCCAGGTGAGGCTTGAAC-3), 3 UTR of GAPDH (5-
mM Tris-HCl [pH 7.0]; 2 mM MgCl2; 5% glycerol; 0.05% Triton X-100), CCAGCAAGAGCACAAGAG-3; 5-TGAGGAGGGGAGATTCAGT-3);
bound proteins were eluted with three bed volumes of buffer N and sequence downstream of the AAUAAA cleavage and polyade-
containing 0.25 mg/ml 3xFlag peptide (Sigma) for 1 hr at 4C. Follow- nylation signal of GAPDH (5-CAGGTGGAGGAAGTCAGG-3; 5-
ing addition of NaCl (final concentration of 480 mM), eluted proteins CTAACCAGTCAGCGTCAGAG-3). Quantitation was based on nor-
were added to Ni beads prewashed with buffer NBW (500 mM NaCl; malization to 18 s rRNA Amplicon.
40 mM Tris-HCl [pH 7.0]; 2 mM MgCl2; 5% glycerol; 0.05% Triton Ten micrograms of total RNA from above was utilized in an RPA
X-100) and incubated for 1 hr at 4C. Supernatants were discarded, assay using RPA III kit (Ambion) as per manufacturer’s protocol.
and Ni beads were washed three times with ten bed volumes of Antisense riboprobe was derived from 1 to 204 downstream
buffer NB (200 mM NaCl; 40 mM Tris-HCl [pH 7.0]; 2 mM MgCl2; of the AAUAAA cleavage and polyadenylation site of the GAPDH
5% glycerol; 0.05% Triton X-100, 15 mM imidazole) for 10 min at genomic DNA sequence and 4 to 247 of EF1a genomic DNA
4C. Bound proteins were eluted with three bed volumes of buffer sequences. Hybridization temperature for EF1A was 44C and for
NE (200 mM NaCl; 40 mM Tris-HCl [pH 7.0]; 2 mM MgCl2; 5% glyc- GAPDH was 42C.
erol; 0.05% Triton X-100, 250 mM imidazole), and an equal amount
of 80% glycerol was added to eluted proteins. The purified proteins
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